1. Introduction {#sec1}
===============

Pomegranate (*Punica granatum*), an ancient fruit-bearing deciduous shrub, is the predominant member of two species comprising the Punicaceae family \[[@B1]\]. It is a native of the Himalayas in northern India, but it has been cultivated and naturalized throughout the Middle East, the entire European Mediterranean region, the drier parts of southeast Asia, northern and tropical Africa, and to some extent the United States, specifically California and Arizona \[[@B2]\]. Pomegranate\'s fruit is a large berry characterized by the presence of thin membranes in its interior, which allow the suspension of numerous arils, each surrounded by juice-containing sacs. The fruit can be divided into three parts: the seeds and the juice, which represent about 3 and 30% of the fruit weight, respectively, and the peels, which include the mentioned inner network of membranes \[[@B1]\] with distinct chemical compositions and potential medical benefits.

Pomegranate extracts have been used since ancient times to treat several conditions including parasitic and microbial infections, diarrhea, ulcers, aphthae, hemorrhage, and respiratory complications \[[@B3], [@B4]\]. Modern applications include hormone replacement therapy and oral hygiene as well as the treatment immune suppression and cardiovascular complications \[[@B5]\]. Moreover, other therapeutic properties such as antitumor, anti-inflammatory, antiviral, antibacterial, antidiarrheal, and antiobesity are currently under investigation. Although pomegranate has been consumed and used as a medicinal food in the Middle East for thousands of years, it has recently gained popularity in the United States \[[@B6]\]. The high antioxidant activity of pomegranate when compared to other fruits and antioxidant beverages, along with its anti-inflammatory and antiobesity properties, has increased the interest in investigating its potential nutraceutical and functional food applications. The number of scientific publications on pomegranate and its health-promoting benefits has increased significantly in the last decade. A PubMed search on November 23, 2012, retrieves 677 publications related to pomegranate, 619 of which have been published within the last ten years and 425 in the last five. Moreover, several pomegranate-containing products, including 100% juices, pomegranate-containing beverages, liquid and powdered polyphenolic extracts of pomegranate, and skin care products containing pomegranate extracts or seed oils, have been recently introduced in the United States market and are being advertised for their beneficial health effects \[[@B6]\]. Therefore, studying the bioactive components of pomegranate and linking them with specific mechanisms of action and health effects holds promise for future therapeutic development of pomegranate-derived natural products. The aim of this review is to summarize the health effects and mechanisms of action of pomegranate extracts in chronic inflammatory diseases.

2. Chemical Composition of Pomegranate {#sec2}
======================================

Over the last decade, there has been significant progress in investigating the mechanisms of action of pomegranate components in health and disease. Extracts of all the different parts of the fruit seem to have medicinal benefits \[[@B1]\]. Interestingly, recent studies report that even the bark, roots, and leaves of the pomegranate plant also have therapeutic properties \[[@B7]\]. The goal of most of the recent pomegranate studies is to identify its therapeutic constituents. Ellagic acid, ellagitannins (including punicalagins), punicic acid, flavonoids, anthocyanidins, anthocyanins, estrogenic flavonols, and flavones appear to be the most therapeutically beneficial pomegranate components \[[@B8]\], specially ellagitannins, which release ellagic acid when hydrolyzed. Tables [1](#tab1){ref-type="table"}, [2](#tab2){ref-type="table"}, [3](#tab3){ref-type="table"}, and [4](#tab4){ref-type="table"} summarize the chemical composition for each of the different parts of the pomegranate fruit.

The pomegranate peels make up about 60% of the fruit, and they are rich in many compounds such as phenolics, flavonoids, ellagitannins (including punicalagins), proanthocyanidin compounds, complex polysaccharides, and many minerals including potassium, nitrogen, calcium, magnesium, phosphorus, and sodium \[[@B2]\]. However, its biological properties are mainly associated with the presence of flavonoids and tannins. The peel is the part of the fruit with the highest antioxidant activity, which is in line with its high content of polyphenols \[[@B9], [@B10]\]. Moreover, pomegranate peels also show higher antioxidant capacity *in vitro* when compared to other fruits such as mangos, bananas, and coconuts \[[@B11]\]. Ellagitannins present in the pomegranate peel include punicalagin and punicalin, both of which contain the polyphenolic chemical compound gallagic acid, which is the building block for several tannins. Punicalagin can be found in the seeds, peels, and juice of pomegranate, and it is unique to pomegranate. Both punicalagin and punicalin can be hydrolyzed to ellagic acid, a natural phenol with high antioxidant activity, thus prolonging the release of this acid into the blood \[[@B8]\]. Antioxidants are important since they have several important biological properties such as anti-inflammatory and antiaging protection against cholesterol and atherosclerosis \[[@B12]\].

Pomegranate juice is a rich source of polyphenols, tannins, anthocyanins, including vitamin C, vitamin E, coenzyme Q10, and lipoic acid \[[@B13]\]. Its main antioxidative compounds are anthocyanins and ellagic acid derivatives, which are the main constituents of the juice, giving the fruit its color \[[@B7]\]. Moreover, anthocyanins have been associated with prevention of cardiovascular disease, obesity, and diabetes \[[@B14]\]. Some differences regarding the phenolic composition are found between natural and commercial juices as well as between juices obtained from the arils alone or from the whole fruit \[[@B7]\]. Nevertheless, pomegranate juice is still the main source for pomegranate ingestion, and its antioxidant levels are greater than in other natural juices \[[@B15], [@B16]\].

Although pomegranate seeds, which represent about 3% of the fruit weight, have a low polyphenol content and *in vitro* antioxidant capacity, they contain other components that may contribute to pomegranate\'s health benefits \[[@B10], [@B17]\]. They are a rich source of lipids, and their oil, which constitutes 12--20% of total seed weight, contains a unique fatty acid profile characterized by high concentration of fatty acids such as linoleic acid (LA) and linolenic acid (LN), as well as other lipids including punicic, oleic, stearic, *α*-eleostearic, *β*-eleostearic, catalpic, gadoleic, arachidic, behenic, and palmitic acids LN ([Table 1](#tab1){ref-type="table"}). Interestingly, punicic acid, which is a conjugated isomer unique to pomegranate oil, constitutes 70--76% of the seed oil. Moreover, seed oil also contains minor amounts of other conjugated trienes such as eleostearic acid and catalpic acid \[[@B13]\]. Other minor components are sterols, steroids, and cerebrosides in the seed oil \[[@B8], [@B18]\] and proteins, fibers, vitamins, and minerals in the whole seed \[[@B13]\].

The relationship between the chemical composition of pomegranate and its respective therapeutic effects is still not fully understood. However, significant progress has been made in the last decade in the establishment and identification of chemicals responsible for certain pharmacological mechanisms. Although ellagic acid, which presents both antioxidant \[[@B19]\] and anticarcinogenic \[[@B20]\] properties, is thought to be the main compound responsible for pomegranate health beneficial effects, recent studies suggest that the synergistic action of several pomegranate constituents is superior to ellagic acid alone in the suppression of prostate cancer \[[@B21], [@B22]\]. Therefore, and although ellagic acid is at the forefront of pomegranate research, one needs to be cautious and avoid ignoring other compounds present within pomegranate juice, peel, and seeds. Moreover, the health effect of pomegranate can vary due to geographical region, harvesting, and season, which can alter the fruit composition \[[@B23]\]. Regardless of its composition, not all pomegranate-derived compounds elicit beneficial effects when ingested since some of them might not be metabolized and absorbed. Therefore, there is a need to study the metabolism and bioavailability of the pomegranate mixtures.

3. Pomegranate Constituent Bioavailability {#sec3}
==========================================

The high antioxidant capacity of pomegranate has been mostly attributed to its high levels of polyphenolic compounds, especially ellagitannins. However, little is known about the metabolism and bioavailability of ellagitannins from food sources. Therefore, there is a need to provide a link between these compounds and the health effects related to antioxidant activity. Several human trials, as well as animal studies, have studied the bioavailability, absorption, and metabolism of pomegranate. In a case study, 31.9 ng/mL of ellagic acid and its metabolites were detected in the plasma of an individual subject one hour after the ingestion of 180 mL pomegranate juice. Plasma was cleared 4 hours after consumption, suggesting that ellagic acid from food is absorbed in humans \[[@B24]\]. In a follow-up study, the rapid absorption and plasma clearance of ellagitannins was confirmed, as well as the persistent excretion of urolithin metabolites in the urine up until 48 hours after pomegranate juice ingestion \[[@B25]\], which present significant antioxidant and anti-inflammatory properties *in vitro*\[[@B26], [@B27]\]. Furthermore, no difference in bioavailability was found between pomegranate juice, liquid extract, or powdered extracts as indicated by the levels of ellagic acid and its metabolites in plasma \[[@B28]\]. In contrast, no ellagic acid, punicalagin, anthocyanins, or any of their degradation products was found in plasma 13 days after the administration of 1 L pomegranate juice containing 4.37 g/L punicalagins and 0.49 g/L anthocyanins for 5 days \[[@B29]\]. However, pomegranate juice metabolites including urolithin A, urolithin B, and a third undetermined metabolite were discovered in the plasma. Moreover, these 3 metabolites were present in the urine after 24 hours along with an aglycone metabolite corresponding to each of the plasma metabolites. Based on the timing of the appearance of the metabolites in plasma and urine samples, which occurred 3-4 days after juice ingestion, and along with previous work on punicalagin bioavailability in rats \[[@B30], [@B31]\], the authors suggested colonic microbial metabolism of pomegranate juice polyphenols. Finally, healthy individuals were placed on a polyphenol- and antioxidant-free diet from 3 days prior the administration of a 800 mg capsuled pomegranate extract containing 330.4 mg punicalagins and 21.6 mg ellagic acid \[[@B32]\]. Results from this third study also demonstrate a significant increase in the levels of ellagic acid in plasma 1 hour after extract administration, as well as an increased antioxidant capacity 0.5, 1, and 2 hours after ingestion.

Using an acorn-fed Iberian pigs model system, 31 ellagitannin metabolites were found, but only urolithin A, urolithin B, dimethyl ellagic acid, and their metabolites were detected in plasma \[[@B33]\]. Urolithin metabolites are also absorbed in mouse models, with high levels accumulated in the prostate, the colon, and other intestinal tissues \[[@B34]\]. In line with these animal studies, urolithin A glucuronide, urolithin B glucuronide, and dimethylellagic acid were detected in human prostate tissues 3 days after the administration of pomegranate juice \[[@B35]\]. Therefore, it seems that ellagitannins are hydrolyzed in the stomach, where some ellagic acid is absorbed into circulation. The rest of ellagic acid is metabolized to urolithin derivatives by colonic microflora, and the less polar urolithin derivatives are then absorbed into circulation and further metabolized to glucuronides \[[@B6]\]. Therefore, pomegranate polyphenolic compounds may exert their effects in different ways: they might be absorbed and enter the bloodstream acting directly as antioxidants, or they can be digested by the gut microflora resulting in other biologically active compounds.

4. Mechanisms of Action and Health Effects {#sec4}
==========================================

The adult human gut contains about 100 trillion microbial organisms \[[@B36]\]. The composition of the human gut microbiota has been associated with both health improvement and the development of several diseases since changes in its composition can modulate the induction of regulatory versus effector immune responses at the mucosal surfaces. Commensal bacteria provide the host with colonization resistance against pathogens, stimulate the host immune system, prevent food allergies and tumors, produce vitamins, metabolize cholesterol and other lipids, and increase mineral bioavailability \[[@B37], [@B38]\]. However, the overgrowth of these normally beneficial bacteria can cause acute and chronic intestinal diseases and has also been associated with cancer, aging, and obesity \[[@B39]\]. Ellagitannins contained in pomegranate interact with the gut microflora. Pomegranate byproducts and punicalagins inhibit the growth of certain pathogenic *Clostridia* species, *Staphylococcus aureus*, and *Pseudomonas aeruginosa* but increase the growth of *Bifidobacterium breve* and *Bifidobacterium infantis* as well as the production of short chain fatty acids \[[@B37], [@B40]\], which have been shown to elicit beneficial effects through the activation of peroxisome proliferator-activated receptors (PPARs). PPARs are the receptors for endogenous lipid molecules (i.e., prostaglandins or hydroxy-containing PUFA such as 12/15-hydroxyeicosatetraenoic (HETE), 13-hydroxyoctadecadienoic (HODE)) and molecular targets for drugs against type 2 diabetes \[[@B41]--[@B43]\] and represent promising new targets for the treatment and prevention of inflammatory disorders \[[@B44], [@B45]\]. PPARs are ligand-induced transcription factors that belong to the nuclear hormone receptor superfamily with 48 members identified in the human genome. They regulate gene expression by binding with Retinoid X Receptor (RXR) as a heterodimeric partner to specific DNA sequence elements named Peroxisome Proliferator Response Element (PPRE) \[[@B46]\]. PPARs are the main modulators of lipid and carbohydrate metabolism \[[@B47]\]. Functionally, PPARs regulate inflammation, immunity, and metabolism \[[@B48]\]. There are three known PPAR isoforms: *α*, *β* or *δ*, and *γ*, which differ in their tissue distribution and functional activity \[[@B49]\]. PPAR*α* is important in the clearance of circulating or cellular lipids via the regulation of gene expression involved in lipid metabolism in liver and skeletal muscle \[[@B50]\]. PPAR *β*/*δ* is involved in lipid oxidation and cell proliferation \[[@B51]\], whereas PPAR*γ* promotes adipocyte differentiation to enhance blood glucose uptake \[[@B50]\]. Moreover, ligand-induced activation of PPAR*γ* can antagonize the activity of proinflammatory transcription factors such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-*κ*B), signal transducer and activator of transcription (STAT), and activator protein (AP)-1 \[[@B52]\] ([Figure 1](#fig1){ref-type="fig"}). Both PPAR*γ* and PPAR*δ* serve as targets for the treatment of inflammatory and immune-mediated diseases because of the role they play in maintaining homeostasis and suppressing inflammation \[[@B53], [@B54]\]. Their activation and expression is controlled by a diverse set of natural and synthetic molecules, including nutrients, nonnutrient endogenous ligands, and drugs (i.e., thiazolidinediones (TZDs) and fibrates) \[[@B55]\]. However, rosiglitazone and other PPAR*γ* agonists of the TZD class of antidiabetic drugs are unlikely to be adopted by gastroenterologists due to associated side effects \[[@B56]\] including hepatotoxicity, weight gain, fluid retention leading to edema, and congestive heart failure \[[@B57]\]. Therefore, the use of natural therapeutics able to activate PPARs is a safer alternative to TZDs. In this regard, the administration of PPARs naturally occurring agonists holds promise for the treatment of a wide range of diseases including obesity, diabetes, and intestinal inflammation \[[@B55], [@B58]--[@B60]\].

4.1. Pomegranate Constituents in the Prevention of Obesity and Insulin Resistance {#sec4.1}
---------------------------------------------------------------------------------

Naturally occurring compounds that simultaneously activate PPAR*α*, PPAR*β*/*δ*, and PPAR*γ* are promising therapeutic approaches to treat metabolic syndrome, obesity, and diabetes since they reduce serum triglyceride and glucose levels, improve insulin sensitivity, and increase the levels of the high-density lipoprotein (HDL) \[[@B61]\]. Pomegranate seed oil activates PPAR*γ* in mice, thus resulting in an alteration of adiposity, lower leptin levels, and increased adiponectin when fed a high-fat diet (HFD) \[[@B62]\]. PPAR reporter activity data demonstrated a dose-dependent increase in the ability of punicic acid to activate PPAR *α* and *γ* in 3T3-L1 cells \[[@B62]\]. Furthermore, the similar patterns of PPAR *α* and *γ* activation by punicic acid and pomegranate seed oil suggested that the effects of pomegranate seed oil on PPAR *α* and *γ* reporter activities were mediated by punicic acid. Punicic acid robustly bound and activated PPAR *α* and *γ*, thus upregulating PPAR *α* and its responsive genes (Stearoyl-CoA desaturase-1, SCD1; Carnitine palmitoyltransferase 1, Cpt-1; and acyl-coenzyme A dehydrogenase) as well as PPAR *γ*-responsive genes expression (CD36 and Fatty Acid Binding Protein4, FABP4) in intra-abdominal white  adipose tissue while suppressing expression of the inflammatory cytokine tumor necrosis factor *α* (TNF-*α*) and NF-*κ*B activation. Moreover, these changes in gene expression correlated with improved fasting glucose concentrations and glucose-normalizing abilities in mice treated with punicic acid. Overall, dietary punicic acid ameliorated obesity-related inflammation and insulin resistance by activating PPAR *γ*, repressing TNF-*α* expression and NF-*κ*B DNA-binding activity in white adipose tissue and liver. However, the loss of PPAR *γ* in immune cells impaired the ability of punicic acid to modulate glucose homeostasis and obesity-related inflammation, thus suggesting that punicic acid ameliorates metabolic and inflammatory changes associated with obesity through a PPAR *γ*-dependent mechanism \[[@B62]\] ([Figure 1](#fig1){ref-type="fig"}). In line with these results, pomegranate seed oil has been found to inhibit TNF-*α*-induced neutrophil hyperactivation and protect from experimental colonic inflammation in rats by targeting the p38MAPKinase/Ser345-p47phox axis \[[@B63]\] ([Figure 2](#fig2){ref-type="fig"}).

High-fat-diet- (HFD-) fed mice treated with pomegranate seed oil resulted in decreased body weight and fat mass in CD-1 mice when compared to the control group, although no differences were reported regarding the lean mass between both groups \[[@B64]\]. Moreover, pomegranate seed oil administration improved glucose intolerance in HFD-fed mice, thus reducing type II diabetes risk. In line with these results, catalpic acid decreased the accumulation of abdominal white adipose tissue, improved glucose tolerance, and upregulated adipose PPAR*α* in two different mouse models of obesity \[[@B62]\]. Moreover, catalpic acid also increased HDL cholesterol and decreased triacylglycerol and insulin levels in plasma \[[@B65]\]. These changes were associated with an upregulation of PPAR*α* and its responsive genes in white adipose tissue of mice fed catalpic acid-supplemented diets. In contrast to punicic acid that modulates obesity comorbidities such as insulin resistance, diabetes, or systemic inflammation, catalpic acid has a direct effect in reducing adipose tissue accumulation. The treatment of diabetic mice with PPAR*α* agonists also normalizes circulating fatty acid and triacylglycerol levels and decreases myocardial fatty acid oxidation \[[@B66]\]. Therefore, the use of pomegranate-derived compounds and fatty acids holds promise as prophylactic interventions for obesity and diabetes since some of them are PPAR*α* and PPAR*γ* activators that contribute to correct the abnormalities of lipid metabolism and regulate inflammatory responses. Mounting evidence demonstrates that pomegranate-derived compounds including punicic acid and catalpic acid can act on pharmacologic targets such as PPARs and elicit their therapeutic properties in mice. Specifically, punicic acid can be used to regulate blood sugar levels and control intestinal inflammation, whereas catalpic acid can be used for antiobesity and lipid-lowering applications ([Figure 1](#fig1){ref-type="fig"}).

Other pomegranate constituents have been investigated individually or in combination in relation to their lipid-normalizing effects. HFD-fed obese mice treated with dietary gallic acid, linolenic acid, or their mixture showed a body weight loss of 12.8%, 6.8%, and 12.20% after 7 weeks, respectively \[[@B67]\]. Moreover, obese mice showed decreased total cholesterol, triacylglycerols, HDL cholesterol, and low-density lipoprotein (LDL) cholesterol when compared to control mice regardless of the treatment. Therefore, these results suggest that gallic acid and linolenic acid present lipid-lowering effects and may protect patients from obesity and other hyperlipidemia-related diseases.

4.2. Pomegranate Constituents in Diabetes Prevention {#sec4.2}
----------------------------------------------------

Obesity is associated with a number of chronic diseases such as type II diabetes, cardiovascular disease, chronic kidney disease, nonalcoholic fatty acid liver disease, and various types of cancers. In this regard, the effects of pomegranate in some of these disorders are also under investigation \[[@B55]\]. During type II diabetes, cells become increasingly insensitive to insulin. Such decreased physiological insulin levels become less effective at lowering the blood sugar levels by triggering the uptake of glucose into cells as an energy source. The levels of insulin required to elicit this same effect increase as the condition worsens, thus enhancing the insulin production in the pancreas. However, insulin resistance cannot be overcome in advanced stages of the diseases, thus resulting in extremely elevated levels of circulating glucose and insulin. Recent studies obtained promising results regarding the use of pomegranate for the treatment and prevention of type II diabetes \[[@B68], [@B69]\].

Obesity is associated with the infiltration of two phenotypically and functionally distinct subsets of macrophages (F4/80^hi^ and F4/80^lo^) into adipose tissue and a phenotypic switch from an M2 anti-inflammatory phenotype to an M1, pro-inflammatory phenotype \[[@B70]\]. PPAR *γ* is differentially expressed in F4/80^hi^ versus F4/80^lo^ ATM subsets, and its deficiency favors a predominance of M1 markers and impairs M2 markers expression in white adipose tissue. Moreover, the accumulation of F4/80^hi^ macrophages in adipose tissue of obese mice has also been associated with increased severity of colitis and impaired glucose tolerance \[[@B71]\]. Therefore, targeting macrophages arises as a therapeutic approach against obesity-related inflammation and insulin resistance. In line with these results, macrophages treated with pomegranate juice standardized to a polyphenol concentration of 75 mmol/L for 90 minutes showed a decreased degradation of oxidized LDL as well as reduced macrophage cholesterol synthesis and oxidative stress \[[@B72]\]. Moreover, the intake of pomegranate juice by diabetic patients results in decreased macrophage uptake of oxidized LDL and reduced serum oxidative stress, an unusually high level of oxidation that may result in damage to vital biomolecules and thereby increases disease risk \[[@B73]\]. Other studies showed how polyphenols and flavonoids, both of which are present in pomegranate juice, are able to inhibit LDL oxidation by the protection of LDL from cell-mediated oxidation \[[@B74], [@B75]\]. In line with these results, the modulation of PPAR*γ* by pomegranate juice resulted in reduced oxidative stress in macrophages *in vitro* \[[@B76]\]. However, this effect was abrogated by PPAR*γ* inhibition and was also observed after macrophages were incubated with punicalagin and gallagic acid, two of pomegranate\'s polyphenols. Several parts of the pomegranate have demonstrated hypoglycaemic effects *in vivo*. However, their activity profiles are slightly different. Pomegranate peel methanolic extracts containing 7.5% of gallic acid and 54.6% of ellagic acid along with other minor components did not alter insulin levels but lowered glucose levels in normoglycaemic healthy rats \[[@B77]\]. The administration of alloxan increased serum glucose levels and reduced serum insulin. However, alloxan administration along with pomegranate peel extract normalized such alterations \[[@B78]\]. Hypoglycaemic activity in streptozotocin-induced diabetes has been reported due to treatment with pomegranate seed methanol extract in rats \[[@B79]\]. Moreover, pomegranate seed oil has also been associated with improved insulin sensitivity in rodent animals \[[@B13], [@B64], [@B79]\]. Three human clinical trials have been performed with diabetic patients to assess the effect of pomegranate juice on plasma lipid and oxidation profiles. The effect derived from the administration of 50 mL of pomegranate juice per day during three months was evaluated in diabetic and healthy individuals \[[@B73]\]. Treated diabetic patients showed decreased serum HDL cholesterol, increased triglyceride levels, and increased values of hemoglobin A1C. Moreover, insulin levels were slightly lower in diabetic patients, and C-peptide, which is a proinsulin metabolite marker for endogenously secreted insulin, was decreased in patients\' serum, thus indicating improved insulin sensitivity. Oxidative stress was decreased after a 4-week consumption of 50 mL of pomegranate juice per day \[[@B80]\]. This effect was attributed to increased serum HDL-associated paraoxonase/arylesterase 1 (PON1) stability and activity, an enzyme that is part of the HDL complex. Pomegranate juice concentration intake during 8 weeks showed decreased total cholesterol, LDL cholesterol, and LDL/HDL ratio \[[@B69]\]. Researchers did not report any adverse effect during any of these long exposures to pomegranate.

4.3. Modulation of Gut Inflammation by Pomegranate Seed Oil Components {#sec4.3}
----------------------------------------------------------------------

Inflammation is a natural process within the innate immune response for the maintenance of normal tissue function \[[@B81]\]. It is the response to foreign stimuli and leads to tissue healing in normal physiological processes. However, it can become chronic and excessive inflammation if such process is dysregulated. This alteration is usual, and it is the basis for a variety of severe diseases in the gut including inflammatory bowel disease and inflammation-related colorectal cancer. PPAR*γ* and *δ* are recognized as central inhibitors of intestinal inflammation in DSS colitis \[[@B82]\]. Activation of PPAR*γ* and *δ* by dietary punicic acid has been shown to ameliorate intestinal inflammation in two mouse models of IBD in mice \[[@B60]\]. Punicic acid ameliorated DSS-induced colitis and spontaneous panenteritis in IL-10−/− mice. However, punicic acid was not effective in IL-10−/− mice with established severe inflammatory lesions such as rectal prolapses and PPAR*γ*: IL-10 DK mice. Therefore, the loss of PPAR*γ* in immune and epithelial cells impairs the ability of punicic acid to ameliorate experimental colitis. Colonic expression of PPAR*δ* and its responsive gene angiopoietin-like 4 was upregulated in IL-10−/− mice that received punicic acid preventively. Interestingly, these findings are in line with increased PPAR*δ* reporter activity induced by punicic acid *in vitro* in intestinal epithelial cells and macrophages. However, the downregulation of TNF*α* in the colons of punicic-acid-fed mice and M1 macrophages treated with punicic acid is in line with the PPAR*γ*-dependent anti-inflammatory effects of this compound. At a cellular level, the loss of PPAR*γ* in macrophages completely abrogated the anti-inflammatory activity of punicic acid, whereas its deletion in intestinal epithelial cells or the whole body deletion of PPAR*δ* impaired, but did not completely abrogate, the beneficial effects of punicic acid in the gut. Wild-type M1 classically activated macrophages showed suppressed TNF*α* and MCP-1 expression after punicic acid treatment, whereas these suppressive effects were not seen in PPAR*γ* or PPAR*δ* null macrophages. Therefore, punicic acid ameliorated IBD by downregulating inflammation in mucosal immune and epithelial cells through a PPAR*γ*- and *δ*-dependent mechanism ([Figure 1](#fig1){ref-type="fig"}).

Necrotizing colitis (NEC) is a devastating disease associated with severe and excessive intestinal inflammation, and it is the major cause of morbidity and mortality in premature infants. Although its etiology is unknown, it is thought that the combination of intestinal immaturity, high immunoreactivity of the intestinal mucosa, and genetic predisposition results in the development of NEC \[[@B83]\]. Gut bacteria play a crucial role in the development of immune function, and they are thought to be implicated in the predisposition and causal pathway for NEC \[[@B84]\]. Several studies have associated the presence of certain organisms and an increased risk of NEC \[[@B85], [@B86]\], although candidate organisms differ. Bacterial diversity in NEC pathways appears to be different from healthy individuals. Specifically, they present reduced *Firmicutes* and a bloom in Proteobacteria before NEC onset, and *Enterobacteriaceae* also seems to be associated with NEC \[[@B87]\]. Therefore, it seems that gut microbial contributions to NEC are mediated by changes in commensal community relationships. A recent study showed that supplementation of pomegranate seed oil into milk formula reduces the incidence and severity of NEC in rats \[[@B88]\]. Moreover, the administration of pomegranate seed oil protects against NEC in a neonatal rat model. Pomegranate seed oil supplementation markedly reduced the incidence of NEC from 61% to 26% and the severity of ileal damage. Since the supplementation of formula with 1.5% of pomegranate seed oil significantly increased conjugated linoleic acid levels but had no effect in other fatty acids such as CLA and arachidonic acid, the authors concluded that conjugated linoleic acid was the responsible for the protective effects of pomegranate. An increased expression of proinflammatory cytokines including IL-6, IL-8, and TNF*α* was seen in the ileum of NEC rats when compared with controls. However, the supplementation of pomegranate seed oil reduced these values. Pomegranate was also able to reduce IL-23 and IL-12, both of which contribute to intestinal inflammation by inducing a T helper 17 (Th17) and Th1 response. Therefore, pomegranate seed oil seemed to protect against NEC by downregulating the inflammatory response in the developing intestinal mucosa. Pomegranate seed oil is a rich source of fatty acids, which can be metabolized by gut microflora. Pomegranate administration activated the metabolism of punicic acid in the intestine of immature rats, thus resulting in the preservation of the intestinal architecture. Overall, pomegranate seed oil beneficial effects in NEC models are associated with improved enterocyte proliferation, protection of intestinal architecture, and reduced expression of pro-inflammatory cytokines.

4.4. Anticarcinogenic Effects of Pomegranate {#sec4.4}
--------------------------------------------

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in the United States \[[@B89]\]. IBD is among the top three high-risk conditions for CRC. Among ulcerative colitis (UC) patients, one of the two main manifestations of IBD, the relative risk of developing CRC correlates with the extent and duration of disease \[[@B90]\]. Moreover, in patients with IBD, this risk increases by 0.5--1.0% yearly after 8--10 years \[[@B91]\]. In this regard, the anticarcinogenic activities of pomegranate are also under investigation. *In vitro* studies using different cancer cell lines demonstrated that pomegranate juice, seeds, and oil can inhibit cancer cell invasiveness and proliferation, cause cell cycle disruption, induce apoptosis, and inhibit tumor growth \[[@B92]\]. Moreover, the combination of different parts of the fruit seems to be more effective than each single extract \[[@B21]\]. Two studies demonstrated that pomegranate fruit extracts can inhibit cell growth and induce apoptosis by modulating the proteins that regulate apoptosis in mice implanted with prostate cancer PC-3 cell line \[[@B93], [@B94]\]. Several studies have shown a correlation between enhanced cyclooxygenase 2 (COX-2) expression and increase in cell proliferation \[[@B95]\]. COX-2 is a key enzyme for the conversion of arachidonic to prostaglandins, which are important inflammatory mediators. The treatment of HT-29 colon cancer cells with NS398, a COX-2 inhibitor, resulted in inhibition of proliferation \[[@B96], [@B97]\]. Pomegranate juice and punicalagin decreased COX-2 expression in HT-29 cells in a dose-dependent manner. Pomegranate juice seemed to be more effective, most likely due to significant interactions with other bioactive polyphenols such as anthocyanins and flavonols. Some studies have concluded that COX-2 expression in HT-29 cells is NF-*κ*B dependent. In this line, pomegranate juice has been shown to reduce COX-2 expression through the inhibition of phosphatidylinositide 3-kinases (PI3K) and protein kinase B or Akt, both necessary for NF-*κ*B activation \[[@B95], [@B98]\]. However, in this case, the inhibition of NF-*κ*B by wortmannin only partially decreased COX-2 expression. Therefore, other signaling pathways might be important in the modulation of COX-2 expression in HT-29 cells along with the NF-*κ*B pathways. The authors suggested the MAPK pathways (ERK1/2, p38, and JNK1,2,3) as potential candidates for this role since MAPK has been shown to mediate COX-2 expression in several studies \[[@B99], [@B100]\] ([Figure 2](#fig2){ref-type="fig"}). Pomegranate has been also shown to reduce lipoxygenase, an enzyme that catalyzes the conversion of arachidonic acid to leukotrienes, which are also key inflammatory mediators \[[@B101]\]. Therefore, pomegranate ingestion alters eicosanoid biosynthesis. Specifically, flavonoids extracted from pomegranate seed oil (0.015% polyphenols, 65.3% punicic acid, 4.8% palmitic acid, 2.3% stearic acid, 6.3% oleic acid, and 6.6% linoleic acid) showed a 31--44% inhibition of sheep cyclooxygenase and 69--81% inhibition of soybean lipoxygenase. Flavonoids extracted from pomegranate juice showed 21--30% inhibition of soybean lipoxygenase though no significant inhibition of sheep cyclooxygenase. Even though pomegranate juice may not be an inhibitor of cyclooxygenase-catalyzed prostaglandin formation, it may still have an indirect role in the inhibition of inflammation. Pomegranate can also suppress inflammatory cytokine expression \[[@B1], [@B96]\] as well inhibit matrix metalloproteinases (MMPs) in colon cancer cells \[[@B96], [@B102]\]. MMPs are a subgroup of collagenase enzymes expressed in arthritic joints and involved in the degradation and catabolism of extracellular joint matrix. The downregulation of MMP expression has also been seen in osteoarthritis chondrocytes pretreated with pomegranate fruit extract, thus suggesting the prevention of collagen degradation which results in joint destruction inhibition in osteoarthritis patients \[[@B103]\].

Another pro-inflammatory pathway that can be downregulated by pomegranate administration is NF-*κ*B. Constitutive activation of NF-*κ*B has been identified in some cancer cell lines \[[@B104]\], thus leading to inflammation and cell proliferation by the upregulating the transcription of collagenase, cell adhesion molecules, and pro-inflammatory cytokines such as TNF-*α*, IL-1, IL-2, IL-6, and IL-8 \[[@B105]\]. Treatment with pomegranate extracts may be successful in the therapeutic treatment of inflammatory disease and cancer since they have been shown to decrease the production of IL-6 and IL-8 and inhibit NF-*κ*B in human mast cells and basophils. The powder extract used in this study contained on average 86.0% ellagitannins, 2.5% ash, 3.2% sugars, 1.9% organic acids as citric acid equivalents, 0.8% nitrogen, and 1.2% moisture. The approximate percent distribution of pomegranate polyphenols in the extract was as follows: 19% ellagitannins as punicalagins and punicalins, 4% free ellagic acid, and 77% oligomers composed of 2--10 repeating units of gallic acid, ellagic acid, and glucose in different combinations. \[[@B106]\]. Moreover, treatment with urolithin A decreases certain pro-inflammatory markers including iNOS, COX-2, prostaglandin E synthase, and prostaglandin E2 in a colon cancer model \[[@B107]\]. Recent studies also indicate that pomegranate extracts inhibit angiogenesis by downregulating vascular endothelial growth factor in MCF-7 breast cancer and human umbilical vein endothelial cell lines. The pomegranate extracts employed in such study include pomegranate fermented juice (pomegranate "wine") polyphenols, pomegranate pericarp polyphenols, cold-pressed pomegranate seed oil, supercritical fluid extracted pomegranate seed oil, pomegranate seed oil polyphenols, and unsaponified pomegranate seed oil fraction \[[@B108]\]. Another study showed how the pretreatment with dietary pomegranate oil inhibited the incidence and multiplicity of colonic adenocarcinomas in azoxymethane-induced colorectal cancer in rats \[[@B109]\]. Interestingly, the inhibition of tumor incidence correlated with increased expression of PPAR*γ* protein in the nontumor mucosa. All these effects described in the different studies contribute to the anti-inflammatory activity of pomegranate as well as its cancer treatment potential. Many studies have observed that the extract or the juice of pomegranate is more beneficial in terms of anticarcinogenic activity than individual or purified ingredients. Therefore, the chemical synergy when using extracts could explain the inhibition of multiple targets at the same time and consequently greater likelihood for producing cancer chemopreventive effects.

5. Pomegranate Safety and Drug Interactions {#sec5}
===========================================

Pomegranate and its constituents have been safely consumed by humans for several millennia. Nevertheless, several animal studies and human clinical trials have investigated the toxicity of pomegranate. No adverse side effects have been noted in any of these studies, therefore considering safe to consume the fresh fruit or pomegranate juice in general. No toxic effects were seen after the repeated consumption of the polyphenol antioxidant punicalagin by rats, which were confirmed by histopathological analyses of their organs \[[@B31]\]. Pomegranate juice administration in an acute or subchronic approach resulted in no adverse effects in rats \[[@B110]\], and no mutagenicity or acute toxicity was seen in rats fed with pomegranate seed oil during 28 days (0 to 150,000 ppm which resulted in a mean intake of 0 to 14,214 mg/kg body weight/day) \[[@B111]\]. The no observable adverse effect level (NOAEL) was 4.3 g pomegranate seed oil/kg body weight/day (= 50,000 ppm). In rats and mice, the oral LD~50~ (lethal dose or dose required to kill 50% of the tested population) of pomegranate fruit extract standardized to 30% punicalagin was greater than 5 g/kg body weight, whereas the intraperitoneal LD~50~ for rats was 217 mg/kg body weight and 187 mg/kg for mice \[[@B110]\]. These values suggest that a healthy human individual may consume pomegranate juice, oil, or powdered extracts in moderation without high risk. In line with these results, no adverse effects or changes in renal or liver function parameters were reported during a clinical trial in 86 human overweight volunteers, which demonstrated the safety of tableted pomegranate fruit extract administration in amounts up to 1,420 mg/day during 28 days \[[@B112]\]. Moreover, the consumption of pomegranate juice for up to 3 years did not show any toxic effect in 10 patients with carotid artery stenosis \[[@B74]\]. Although any of these studies has reported any detrimental side effect, it is still not clear whether this safety extends to all extracts or pure compounds that may be used as dietary supplements in a more concentrated form.

Some studies have reported detrimental interactions between pomegranate and other drugs. For instance, recent studies have investigated the effect of pomegranate on cytochrome P450, the hepatic enzyme system involved in the metabolism of drugs and other xenobiotics along with endogenous substrates. Food-drug or drug-drug interactions can lead to the inhibition of specific CYP enzymes, thus resulting altered oral bioavailability and effectiveness or toxicity of the drug. Some studies showed that pomegranate juice inhibits cytochrome P450 enzymes CYP2C9 \[[@B113]\] and CYP3A \[[@B114]\] *in vitro* and increases levels of absorbed tolbutamide and carbamazepine, thus altering drug pharmacokinetics. A decrease in liver CYP450 and increased sleepy effects of pentobarbital was reported after a 4-week administration of pomegranate juice in mice \[[@B115]\]. Moreover, pomegranate juice also inhibited CYP3A using human microsomes \[[@B113], [@B116]\].

Although results show that a moderate intake of pomegranate is safe and does not result in any side effect, there is still a need to further study the interactions between pomegranate and other drugs as well as the effects of a long exposure and the safety of pure compounds.

6. Computer-Aided Drug Discovery {#sec6}
================================

Computer-aided drug discovery has become a crucial component of many drug discovery studies. Compared with the traditional physical large-scale, high-throughput screening of thematic compound libraries, which is very costly and yields mixed results, computer-aided drug discovery is more cost-effective. Structure-based virtual screening techniques have been widely used in several discovery efforts since they allow the screening of thousands of compounds within a collective of large compound libraries in a cost-effective manner \[[@B117]\], such as the discovery of anti-inflammatory drugs against inflammatory bowel disease \[[@B118]\]. The basic procedure of SBVS is to sample binding geometry for compounds from large libraries into the structure of receptor targets by using molecular modeling approaches. Each compound is sampled in thousands to millions of possible poses and scored on the basis of its complementarity to the receptor. Of the hundreds of thousands of molecules in the library, tens of top-scoring predicted ligands are subsequently tested for activity in experimental assays \[[@B119]\]. In an effort to expedite the mechanisms underlying the beneficial effects of pomegranate constituents, structure-based virtual screening can complement traditional experimental methods for identification of potential targets for each of these compounds. We have successfully established a protocol for screening fatty acid compounds against PPAR *γ* as a means to identify novel agonists, which can be later verified through *in vitro* assays ([Figure 3](#fig3){ref-type="fig"}) \[[@B59], [@B120]\]. Computer-aided drug discovery approaches have been used in pharmaceutical investigation for about two decades. Using reverse docking approach, researchers should be able to identify potential targets for each pomegranate compound. Moreover, structure-based virtual screening on known drug targets would provide an opportunity for *de novo* identification of natural active compounds.

7. Conclusions {#sec7}
==============

There is strong evidence that pomegranate elicits ameliorating health effects in several diseases. When considering the pomegranate therapeutic studies along with the research investigating the bioavailability of its compounds, one can conclude that pomegranate\'s bioactive constituents can be absorbed and exert their biological activity. However, this fruit contains hundreds of different bioactive compounds, thus requiring a better understanding of the beneficial effects elicited by each compound and not the fruit as a whole. Moreover, some studies report that the administration of combinations of bioactive compounds has increased activity when compared to single compounds. Therefore, there is a need to further study possible synergistic effects between pomegranate\'s bioactive components through isobolograms in the context of ligand-binding assays and factorial designs in animal models. In this regard, the integration of computational and experimental nutritional immunology research represents a cost, and time-efficient approach for the discovery of novel interactions and mechanisms underlying such activities.

Many of the pomegranate\'s beneficial effects have been widely related to the presence of ellagic acid and ellagitannins, especially punicalagins, punicalins, and gallagic acid. However, anthocyanins as well as pomegranate\'s distinct and unique fatty acid profile also contribute to the reported health effects. Interestingly, several effects of pomegranate are mediated by the activation of PPAR pathways by conjugated trienes derived from seed oil. Some studies suggest that pomegranate metabolites may also contribute to its therapeutic effects along with the components of the fruit. In line with these findings, pomegranate has been suggested to stimulate probiotic bacteria thus enhancing their beneficial effects and fighting bacterial infections. Therefore, gut microflora seems to be important for pomegranate therapeutic activities. Pomegranate is safe at high doses in humans. So far, pomegranate has been shown to elicit beneficial effects for the treatment of obesity, diabetes, inflammation-related diseases such as IBD and NEC, and several types of cancer, as well as cardiovascular complications. However, there is still a need to identify individual active ingredients of pomegranate as well as further explore synergistic preventive effects in laboratory, animal models, and human clinical studies.
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![Anti-inflammatory and antiobesity effects of pomegranate constituents. Punicalin and punicalagin are able to increase the bacterial production of short chain fatty acids (SCFAs) by inducing the growth and metabolism of commensal bacteria. SCFAs are then absorbed and activate peroxisome proliferator-activated receptor *γ* (PPAR*γ*), which blocks the transcription of pro-inflammatory molecules by NF-*κ*B, AP-1 and STAT, thus resulting in anti-inflammatory effects. PPAR*γ* can also be activated by fatty acids including linoleic acid, punicic acid, catalpic acid, and stearic acid in both epithelial cells and macrophages. Such fatty acids are also able to activate PPAR*α* resulting in lipid-lowering and antiobesity effects.](ECAM2013-789764.001){#fig1}

![Anticarcinogenic effects of pomegranate constituents. Several pomegranate constituents including anthocyanins, phenols, ellagitannins (punicalin, punicalagin), and other tannins can reduce the expression of cyclooxygenase 2 (COX-2) through an NF-*κ*B and MAPK pathways dependence. Such components can inhibit phosphatidylinositide 3-kinases (PI3K), protein kinase B or Akt, or NF-*κ*B directly and result in decreased transcription of inflammatory genes such as tumor necrosis factor *α* (TNF-*α*), interleukin 6 (IL-6), and IL-1*β* among others. They can also inhibit MAPK-induced phosphorylation of ERK1/2, JNK1,2,3 and p38 which finally result in the inhibition of activation protein 1 (AP-1), another transcription factor regulating the expression of pro-inflammatory molecules. Inhibited COX-2 expression leads to reduced cell proliferation and apoptosis as well as decreased production of prostaglandins, which are important inflammatory mediators.](ECAM2013-789764.002){#fig2}

![Representative binding mode of the most stable docked orientation of catalpic acid and punicic acid with peroxisome proliferator-activated receptor *γ* (PPAR*γ*). The PPAR*γ* model is shown in ribbon mode. Catalpic acid and punicic acid poses generated by AutoDock Vina are colored in blue and magenta, respectively. Rosiglitazone is colored in yellow.](ECAM2013-789764.003){#fig3}

###### 

Chemical constituents of the pomegranate fruit: fatty acids.

  --
  --

###### 

Chemical constituents of the pomegranate fruit: minerals.

  Constituent   Chemical structure   Pomegranate fruit part
  ------------- -------------------- ------------------------
  Iron          ~26~Fe               Seed, juice
  Copper        ~29~Cu               Seed, juice
  Sodium        ~11~Na               Seed, juice
  Magnesium     ~12~Mg               Seed, juice
  Potassium     ~19~K                Seed, juice
  Calcium       ~20~Ca               Seed, juice
  Zinc          ~30~Zn               Seed, juice
  Manganese     ~25~Mn               Seed, juice
  Phosphorus    ~15~P                Seed, juice

###### 

Chemical constituents of the pomegranate fruit: Anthocyanins, tannins and phenols.

  --
  --

###### 

Chemical constituents of the pomegranate fruit: sugars, organic acids, and antioxidants.

  --
  --

[^1]: Academic Editor: Edwin L. Cooper
